Standard Gibbs energy of transfer Standard transfer potential Micro-interface Microhole Hydrophobic ions Hydrophilic ions a b s t r a c t A voltammetric methodology to determine the standard Gibbs energy of transfer of highly hydrophobic and hydrophilic ions has been developed. The electrochemical cell used includes a water|1,2-dichloroethane micro-interface supported on a microhole in a thin polymer film separating an electrolyte-free aqueous phase and an organic phase with an electrolyte at low concentrations. The limiting current and the half-wave potential of these organic ions were determined by fitting the initial part of the ion transfer wave. The methodology was validated using ions with known thermodynamic data, and applied to very hydrophobic and very hydrophilic ions that usually cannot be observed within the potential window.
Introduction
Because of its relevance in the understanding of ion transfer across cellular channels and in solvent extraction processes among others fields, the kinetic and thermodynamic aspects of charge transfer processes at the interface between two immiscible electrolyte solutions (ITIES) have been widely investigated by electrochemical techniques [1] [2] [3] [4] . In particular, liquid|liquid micro-interfaces offer several advantages in comparison with larger interfaces such as a significant reduction of the ohmic potential drop, a reduction of the capacitive currents, and steady-state responses [5] [6] [7] [8] . Indeed, whether using micro-ITIES supported by a laser-drilled microhole in a thin film [6] [7] [8] [9] [10] [11] [12] or at the tip micropipettes [9, [13] [14] [15] it has been shown that these micro-interfaces are very useful both for thermodynamic and kinetic measurements [5] [6] [7] [8] 11, 12, 16] . By comparison with microholes, voltammetric studies with micropipettes have to consider asymmetric diffusion fields and account for a relatively high electrical resistance within the pipette [8] .
In charge-transfer kinetic studies, an excess of the supporting electrolyte is normally used in both phases [14] . However, it has been shown that Oldham's theory for steady-state voltammetry at hemispherical electrodes [17] can be applied for micro-ITIES systems with low concentration or in absence of supporting electrolyte [5, 6, [8] [9] [10] 14, 18] . The difference between these two steady-state systems is that in the case of metallic electrodes, the transport of species toward the electrode is given only by diffusion and the charged product is transported from the electrode by diffusion and migration, whilst it is the opposite in the case of micro-ITIES under conditions of diluted supporting electrolyte in the organic phase [6] .
The transfer potential of the supporting electrolyte ions in either phase determines the size of the potential window at ITIES [3, 6, 14] . Taking into account that such transfer potential is given by the Gibbs energy of transfer (DG 0 0 tr ), ions with large absolute values of DG 0 0 tr (i.e. highly hydrophilic and lipophilic ions) are usually chosen in order to increase the size of the potential window [3, 6, 14] . For instance, organic ions like tetrakis(4-chlorophenyl)-borate (TPBCl À ) [14, 15] , tetrakis-(pentafluorophenyl)-borate (TB À ) [12, 19, 20] and bis(triphenylphosphoranylidene)-ammonium (BA + ) [19, 20] are used as supporting electrolytes in the organic phase. The knowledge of the standard transfer potential of these ions is necessary to calculate the Galvani potential difference across the liquid-liquid interfaces when it is controlled by the distribution of all of ions in the system as in shake-flask experiments [19, 20] . However, such potentials have not been reported so far due to the difficulty in investigating the transfer of such a lipophilic ions [6] . To circumvent this difficulty, micro-ITIES in the absence of supporting electrolyte, either in the aqueous or in the organic phase, have been suggested [6, 14] . In this way, Wilke et al. [6] have developed a theoretical model to determine the DG 0 0 tr of highly hydrophilic ions as Li + , K + and Na + at water|nitrobenzene microinterfaces with and without supporting electrolyte in the aqueous phase and with a 10 mM solution of bis(triphenylphosphoranylidene)ammonium dicarbollyl-cobaltate (III) (PNPDCC) as supporting electrolyte in the organic phase [6] . The model is based on Oldham's theory [17, 21] , in which the migration of the ions is taken into account for systems under unsupported conditions. ) was determined at the water|DCE micro-ITIES without supporting electrolyte in the aqueous phase and with a very low concentration of electrolyte in the organic phase (BATPBCl and BATB 0.5 mM and 0.05 mM). Taking into account that the limiting current and therefore the half-wave potential of these ions are not directly available from the voltammograms, these parameters were determined by fitting the onset of the transfer waves, where the current-potential curve is linear, using the model developed by Wilke [6] was not detected by addition of AgNO 3 solution in the washing solution. The solvent was evaporated using a vacuum pump at 30°C overnight. In this work, these ionic liquids were dissolved in DCE in order to use them as supporting electrolytes in the organic phase, however, they can be used directly to form water|ionic liquid interfaces [25] [26] [27] [28] . All the aqueous solutions were prepared with ultra pure water. The solution of LiOH 5 mM (pH = 13.7) was prepared with water degassed with argon in order to displace the CO 2 from the solution.
Electrochemical cell
The micro-interface between the two immiscible solutions (water|DCE) was supported in a microhole drilled in a 25 lm thick polyamide film (Kapton Ò , Dupont) purchased from Goodfellow (UK) by UV-photoablation through a metallic mask using a 193 nm ArF excimer laser beam (Lambda Physik, Göttingen, Germany, fluence = 0.2 J, frequency = 50 Hz). As a consequence of the drilling by photoablation the actual shape of the microhole is conical. The diameters of the laser entrance and exit were determined to be 24 lm and 12 lm (±1 lm) respectively. In all the experiments the aqueous phase was introduced first than the organic phase [2] and the smallest diameter opening was located on the organic side.
The microhole was located in vertical position between the two immiscible solutions (water|DCE) using a Teflon cell with two AgjAgCl reference electrodes (Fig. 1) . For all the experiments, the voltammetric scan rate was 10 mV/s and the temperature was 20°C. IR compensation for IR drop was not applied.
The transfer of BA + was studied using the cells I-III and that of TB À was studied using the cells IV-VI. The transfer of H + and OH À was studied using the cells VII and VIII, respectively.
Results
Taking into account that in all the cases the cell was filled by the aqueous phase first, it is assumed the micro-interface was located on the organic side, in accordance with Peulon et al. [2] . In addition, being the ratio between the diameter of the microhole and its longitude (d/L) less than 1, one can ensure a good reproducibility of the obtained data [2] .
In order to determine the limiting current (I lim ), the half-wave potential (D w o / 1=2 ) and the slope theoretically equal to F/RT constant for each ion in the cells, the model described by Wilke [6] for systems under unsupported conditions was used. In which, because of the migration of the ions, the actual half-wave potential [21] , according to the following [6] :
where i zi+ and j zjÀ are electrolytes present only in the aqueous phase, R is the constant of the ideal gases, T the temperature and F the Faraday constant.Taking into account that the condition z i = Àz j is fulfilled in all the systems under study, the I lim for a planar microdiskshaped interface can be expressed as [21, 29, 6 ]:
where D i,w and c i are the diffusion coefficient and the concentration of ion i respectively. And the total potential difference (D w o / 1=2 ) as a function of the cell current, can be expressed as:
In this way, the current as a function of the potential difference reads [6] :
The parameters z i F/RT, D ) was introduced for two reasons: In order to calibrate the potential window with respect to the D w o / 1=2 obtained from the fitting of the reference ion, and, because the I lim obtained for the reference ion is subtracted from the second wave corresponding to the target ion, in order to do the fitting for this wave using the same approach. As a result, reliable standard ion transfer potentials can be obtained since direct evaluation of the slope theoretically equal to F/RT is done for an standard case as well as for the target ion.
As an example, Fig. 3 , indicating simultaneous influence of the IR drop and the migration mass transport. Consequently, for the other experiments the concentration of the supporting electrolyte in the organic phase was kept constant at 0.5 mM, where these effects are negligible.
In the case of cell I, only the transfer of BA + using TMAI in the aqueous phase yielded a slope of 39.6 V
À1
. When using TMABr or TMACl in the aqueous phase, the values obtained were lower. This indicates that the transfer of the ions Br À and Cl À is too close to the transfer of BA + and both currents interfere with each other. Consequently, it is clear that in order to ensure the measurement of reliable data, the transfer potentials of ions transferring consecutively should be separated enough, as has been observed previously [14] . In addition, taking into account that the I lim of the reference ion is subtracted from the wave of the target ion, the separation between the two ions should not be too large in order to distinguish the two waves easily. Therefore, in order to obtain reliable D The D w o / 1=2 of the TPBCl À was not determined since it was not possible to collect enough reliable data for the fitting due to the noisy current recorded. This is a consequence of the remarkable tendency of TPBCl À to form ion pairs [19, 30, 31] , which leads to adsorption processes and interfacial instability upon its desorption from the interface. À and Cl À obtained using cell II (Table 1) with the values obtained for cell I, we can observe that the mentioned decrease of the slope in cell II, does not have a significance effect on the determination of the D w o / 1=2 . This suggests that despite the fact that the slope for TB À is lower than the theoretical value, the D w o / 1=2 determined for this ion is still reliable.
In order to validate the results obtained with the methodology proposed in this work, we studied the transfer of TBA + , THA + and TOA + from the organic to the aqueous phase using cells IV-VI. Figs. 7 and 8 and Table 4 summarize the results obtained for the cell VII and VIII.
In order to avoid the interference from CO 2 in the determination of the D w o / 1=2 for OH À , the water used to prepare the solution of LiOH was degassed with argon in order to displace the CO 2 and all the solutions employed were also freshly prepared. Moreover, all the values calculated for hydroxide ions were extracted from the first scan of the voltammogram (Fig. 8) . Thus, our experiments were proved to be reproducible and therefore any possible interference from the reaction between CO 2 and OH À can be ruled out. The slopes in the case of OH À (Table 4) , are lower than the theoretical value, which could be due to the adsorption of TBAOH at the interface. This explains the big difference between the forward peak and the reverse peak and the low limiting current obtained for the TBA + in comparison with the value obtained in the cell IV (Table 3) . However, taking into account that the fitting is always made with the forward peak, we can say that the value of D [34] . As a result, the DG DCE diss;water was found to be 187 kJ mol À1 and consequently, the dissociation of water in DCE would be 5.6 Â 10
À34 . This value has special relevance in reactions in which water and DCE are at the equilibrium and the protons are being consumed in the organic phase. In such a way, the initial concentration of protons without any common ion or application of an external potential can be estimated.
The fact that the D w o / 1=2 determined for the ions studied in this work are in agreement with the values reported, and that the dispersion was just ±4 mV in all studied systems, indicate that the methodology proposed in this work allows determining reliable values of DG 0 0 tr for highly hydrophobic or hydrophilic ions.
Conclusions
In this work, Wilke's methodology to determine the DG 0 0 tr of highly lipophilic and hydrophilic ions, using a low concentration of supporting electrolyte in the organic phase and not supporting electrolyte in the aqueous phase was applied and validated. In order to obtain reliable results, the separation between the transfer potentials of ions transferring consecutively was found to be between 0.35 and 0.45 V. In addition, the minimum concentration of supporting electrolyte in the organic phase must be 0.5 mM in order to avoid a non-negligible IR drop resistance in the system. The obtained values for the H + and OH À allowed us to calculate the dissociation constant of water in DCE. 
